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Introduction
Biochar is produced by heating plant biomass in the absence of oxygen (pyrolysis). Its production and incorporation into soils is a novel process for establishing a long-term sink for CO2 storage, with limited risk of atmospheric return (Lehmann et al., 2005) .
There exists within the Brazilian Amazon extensive patches of anthropogenically derived 'fertile' soils (terra preta). These patches show alterations in native soil variables, such as soil nutrient content, alkalinisation of the soil solution (Gundale & DeLuca, 2007; Scott et al., 2014) . Total soil nutrient concentrations can be 3 to 5-fold greater relative to the surrounding infertile soil with increased nutrient availability (Glaser et al., 2001 ). An increase in soil nutrients provides a mechanism by which terra preta patches enhanced crop production (Lehmann et al., 2005) . It is unclear if the terra preta phenomenon is a feature unique to impoverished tropical soils and their climates or if these potential agricultural benefits can be acquired in temperate climates and soils (Atkinson et al., 2010; Scott et al., 2014) . Some biochar experiments, outside the tropics, show increased yields and reduced nutrient leaching, but these increased yields and improved soil fertility responses are not always evident (Major et al., 2009; Van Zwieten et al., 2010) . Attempts to understand how fertility increases, including biochar enhancements of nutrient bioavailability and reduced ion mobility, have been suggested (Warnock et al., 2007; Atkinson et al., 2010) . Changes in soil chemistry are implicated, with alterations in microbial diversity and activity, with porosity in biochar particles acting as refuges for soil organisms, e.g. mycorrhizal fungi (Spokas et al., 2012; Reverchon et al., 2014) . Given that biochar has the potential for use in the northern hemisphere to sequester atmospheric carbon in soils, it is less clear if it increases soil fertility, particularly in fertile soils already well managed (see the meta-analysis of Jeffery et al., 2011 and Crane-Droesch et al., 2013 ).
Here we determine whether sequestering carbon into the soil as biochar influences harvest yield within commercial cropping systems. Specifically we determine how biochar application to a temperate soil, used within current commercial crop management systems for three field-grown crops, changes nutrient availability and crop uptake. Our hypothesis is that if biochar enhanced crop yields are predominantly achieved via enhanced availability of soil nutrients, then application to temperate agriculture soils should only show benefits when these soils are nutrient deficient.
To achieve this, we have carried out a field experiment, which includes the evaluation, separately, of spring barley, strawberry and potato. Standard commercial growing practices, growing cycles and crop management approaches were used throughout with limited management changes due to biochar incorporation. Data were collected over the normal commercial cropping season and rotational cycles, i.e. barley and potato are one-year rotation crops, whereas a June-bearing strawberry crop has a 2-year cycle.
Materials and methods

Biochar production and analyses
Biochar was produced from predominantly sweet chestnut (Castanea sativa) [and species Acer, Fraxinus, Fagus and Quercus] by slow pyrolysis in a metal ring kiln over 24 hours, with a maximal temperature between 350 to 400 o C. The charcoal was crushed and sieved to particle size between 1 to 6 mm (diam). Prior to incorporation, the biochar was analysed using a dry-ashing method after heated acid digestion in aqua regia (HCl and HNO3 in a 3:1 ratio) (CLARRC, University of Edinburgh, UK).
Elemental concentrations were measured by ICPOE spectrometry (analytical standards from Fisher Scientific, Loughborough, UK). Cation exchange capacity (CEC) was measured according to BS 7755-3.3:1995 (using barium chloride solution). Moisture content was determined thermogravimetrically using a method for chemical analysis of wood charcoal (ASTM D1762-84, 2007) (using loss of weight on drying at 105°C). Carbon, H, O, N and S were analysed using an elemental analyser (CLARRC, University of Edinburgh, UK). Soil extractable nutrients were measured according to MAFF RB 427 (1986) and MAFF RB 209 (1994) (Jarvis et al., 1984) . The soil is well drained with an available water holding class between 150 ->200 mm to 1000 mm depth (Fordham and Green, 1980) . Three experiments were set up using spring barley (Hordeum For chemical analysis, in year 1, three fruit samples were taken per plot, in midJuly, frozen in liquid nitrogen and stored at -80°C. Fruit acids were analysed by HPLC using a Waters 2690 separation module (Waters Ltd, UK). Sweetness (Brix) measurements were taken on three 'primary' fruits per plot on four picking dates in July. Brix measurements were taken with a digital refractometer (Atago Palette Series PR-32 α, Japan). These fruit were also used for firmness measurements using an LRX Penetrometer (Lloyd instruments, UK) and averaged. The above analyses were repeated, in July of year two. Measurements of fruit sweetness and firmness were made in June and July.
Potato shoot growth, yield and tuber quality. with nutrient as a factor and biochar concentration as the covariate. Regression slopes from these models were tested for statistically significant deviations from zero using t-tests ( Figure 2 ). Each soil nutrient the 0 t ha -1 biochar treatment is shown at a baseline of 100 on the y axis with the variability presented for all treatments.
Results
Biochar chemical analysis
Total concentrations of N, Ca, Fe, Mg, K and Na are shown in Table 1 . The most readily extractable or soluble nutrient was K and the pH in water was 9.0-9.2.
Moisture content at application was 20.2%. Cation exchange capacity (CEC) was high at 87 cmol kg -1 . V, Ni, Cu had the highest concentrations (approximately 7-10 μg g -1 )
of heavy metals (see supporting information), concentrations of Ni, Cr, Pb, As, Hg and Cd were negligible.
Soil chemical analysis and pH
Soil extractable K, Mg, and B concentrations were significantly increased following biochar application, irrespective of crop ( Figure 1 , Table 2 ). These effects were still detectable in the strawberry experiment, in year two (391 days after incorporation, see supporting information). At the same time the concentration of soil extractable P declined for all crops. Biochar had no effect on the concentrations of extractable S, Mn or Cu. Soil pH was significantly more alkaline with increasing rates of biochar irrespective of crop (Figure 2) .
Crop tissue nutrient analysis
There were few changes in tissue nutrient concentrations. However, K concentration in barley grains from the highest biochar rate was significantly greater (5742, 5977
and 6194 μg g -1 , p=0.04, SED 142, df 8) in the 0, 20, 50 t ha -1 biochar treatments respectively (see supporting information). The decline in the N:S grain ratio (18.7, 18.3 and 17.5) was significant (p=0.04 SED 0.37, df 8) with increasing biochar (see supplementary data). There was no effect of biochar on N, Mg, S, Ca and Fe concentrations in strawberry leaves, but P, B and Mo concentrations were greater 90 days (in July) after incorporation at the higher rate (Table 3) . In cropping year 2 (391 and 461 days after incorporation) both biochar treatments increased leaf concentrations of P, B, K, and Mo in leaves strawberry (Table 4 ). There were no significant effects of biochar on potato tuber nutrient concentrations at harvest (Table   5 ). Biochar had no effect on leaf growth rates, or total plant dry matter at harvest (121, 125 and 113 g DW) for the 0, 20 and 50 t ha -1 rates respectively. Fruit yields in year one and two were unaffected by treatment, irrespective of size class (Tables 6 and 7 ). 
Spring barley plant growth, yield and grain quality
Potato shoot growth, yield and tuber quality
Biochar had no effect on shoot height, leaf growth rate (4.4, 4.3 and 4.6 cm d There were no treatment effects on tuber firmness.
Discussion
Our hypothesis tests the assumption that biochar application to soil enhances crop growth and yield, and that this occurs through increased availability of beneficial soil nutrients. We tested this hypothesis in, temperate European commercial crop production, with a soil supplied with nutrients for optimal production. Results show that Castanea sativa biochar had little effect on the growth or yield of barley, strawberry or potato. This is in agreement with recently studies (Jeffery et al., 2011; Ippolito et al., 2012; Novak et al., 2014) . The potential yields of the barley cultivar used average from 5 to 7 t ha -1 in the UK (limagrain.co.uk/springbarley), with our experiments yielding 6 t ha -1 . Barley germination was not increased, even at a high biochar application rate (<50 t ha -1 ) as with wheat (Van Zweiten et al., 2010; Solaiman et al., 2012) , but similarly for a range of biochar types, applied to maize, there was no effect (Free et al., 2010) . Strawberry yields for one-year-old plants averaged 300 g plant -1 , which is normal, and two-year-old plants had commercial yields. The organoleptic (taste) experience was consistently the same despite small changes in fruit biochemical traits. Potato tuber yields were similar to commercial practice (i.e. 69 t ha -1 ).
Soil analysis showed biochar increased some soil nutrients (K, Mg and B), while others did not change, and P declined. The increase in these three soil extractable nutrients was rarely translated into differences in crop nutrient concentrations. The reason for the limited response to biochar is that the management of this soil ensured sufficient available nutrition to supply crop demand. The guidelines for their optimal tissue nutrient concentrations support this notion (Defra 2010) . Crane-Droesch et al. (2013) concluded, from a number of studies, that biochar effects on growth were limited to the fertility of the soil to which it was applied. They showed that crops grown on soils with reduced soil CEC and organic carbon, responded more positively, with respect to yield increases on biochar application, whereas parameters associated with the biochar itself e.g. pH, pyrolysis conditions, did not predict yield responses.
Increased soil extractable K with biochar incorporation is consistent with other work and has been linked with plant K uptake. Here, high concentrations of K in the biochar were readily extractable, with 17 and 43 kg ha -1 extractable at the lower and higher biochar rates. Extractable K in the soil, in which potatoes were grown, was below that recommended for adequate growth (240 mg K kg -1 soil) and the additional K from the biochar increased the concentration in the tubers, suggesting biochar acted as a supplement to the standard fertiliser management. A similar effect was found for K in barley grains. Strawberry tissue K concentrations were unaffected due to the application of sufficient crop fertigation.
Soil extractable P from the control plots of strawberry showed concentrations of close to or exceeding upper recommendation (70 mg P kg -1 soil) for optimal growth (Defra, 2010) . Although soil extractable P declined with biochar application, this did not induce lower strawberry leaf P concentrations. This lack of response may be due to the confounding effect of the direct application of P to roots via fertigation. In the absence of additional soil applied P, biochar application has been shown to induce a short-term decline in P available directly after application (Nelson et al., 2011) .
Extractable biochar P measured here was low, equivalent to about 0.5 kg and 1.2 kg ha -1 for the 20 and 50 t ha -1 biochar rates, respectively. It is unlikely that direct release of P would have influenced concentrations found in the soil. Increasing soil pH (>7.5) may suppress the availability of P (and other nutrients including B, Mn, Cu and Zn)
and therefore biochar soil alkalinisation may explain the reduced extractable P. The
Barming Series sandy loam experimental soil (Jarvis et al., 1984) was slightly acidic prior to biochar application, but within the acceptable range without the need for lime application. The fact that biochar application rapidly raised soil pH, highlights the soil's limited buffering capacity and the importance of the pH link to nutrient availability when applying biochar to soil with low buffering capacity. The increase in pH was reflected by an increase in Mo and a reduction of Mn concentrations in strawberry leaves. Biochar may also influence bioavailability through surface sorption of chelating organic molecules, which can reduce or increase P solubility (De Luca et al., 2009 ).
There was no evidence that this biochar acted as a source of crop nitrogen.
Application of 20 or 50 t ha -1 of biochar might add 64 and 160 t ha -1 of total N respectively to the soil, but little of this was water soluble or available to crops.
Nutrient release characteristics of biochars are known to be slow; N release is about <2 mg kg -1 , compared to P availability, which is highly variable (15-11,000 mg kg 
